FNR (regulator for fumarate and nitrate reduction) and CRP (CAMP receptor protein) are global regulators which regulate the transcription of overlapping modulons of target genes in response to anaerobiosis and carbon source in Escherichia coli. An ORF, designated flp because it encodes an FNR-like protein of the FNR-CRP family, has been found in Lactobacillus casei. The product of the flp coding region (FLP) was overproduced in E. coli, purified and crystallized. FLP is a homodimeric protein in which each subunit can form an intramolecular disulphide bond. The isolated protein also contains nonstoichiometric amounts of Cu and Zn. Although the DNA recognition helix of FLP resembles that of FNR, the flp gene failed to complement the anaerobic respiratory deficiency of an fnr mutant when expressed in Em coli and it neither activated nor interfered with transcription from FNR-or CRP-dependent promoters in E. coli. Site-specific DNA binding by oxidized FLP (the form containing intrasubunit disulphide bonds) was abolished by reduction. The interconversion between disulphide and dithiol forms thus provides the basis for a novel redox-mediated transcriptional switch. Two non-identical FLPbinding sites, distinct from FNR-and CRP-binding sites, were identified in the melR region of Em coli by gel-retardation analysis. A further eight FLP-binding sites were selected from a random library. A synthetic oligonucleotide conforming to a putative FLP site consensus, CA/,TGA-N,-mG/,G (the most significant bases are underlined), was retarded by FLP. Functional tests showed that FLP represses the aerobic transcription of a semi-synthetic promoter in Em coli. A C5S variant of FLP lacking the ability to form intramolecular disulphide bonds was unable to bind to FLP sites and failed to repress transcription in vivo.
INTRODUCTION
This requires a deeper understanding of their molecular genetics and an important aspect is to understand the The lactic acid bacteria are of major economic and nutritional importance due to their use in the production and preservation of a wide variety of fermented foods. Much current research is focused on characterizing their industrially relevant traits and opportunities for strain improvement by metabolic engineering (Gasson, 1993) .
global regulatory circuits that control the metabolic responses to nutritional and environmental stimuli. In this respect Lactobacillus casei has recently been shown to possess a mechanism for catabolite repression whereby the availability of fermentable carbohydrates is sensed and the metabolic flux regulated at the transcriptional level via a two-component phosphokinase regulatory switch (de Vos, 1996) . The discovery of another potential global regulatory system in L. casei stemmed from the presence of an unidentified ORF (@p, formerly o r f x ) that converges on the distal end ofthe trp operon (Natori et 1990) . It was later realized that this ORF encodes an FNR-like protein (FLP), the first member of the CRP-FNR family from a Gram-positive organism (Bowie et al., 1991; Irvine & Guest, 1993) .
In Escherichia coli FNR (regulator for fumarate and nitrate reduction) and CRP (CAMP receptor protein) regulate the expression of overlapping modulons of target genes in response to environmental (oxygen/ redox) or metabolic (CAMP) stimuli, respectively. Interactions between the signalling molecules and the cysteine-linked [4Fe-4S] clusters of FNR or the CAMPbinding sites of CRP, affect DNA binding and transcription activation or repression at relevant target promoters (Green et al., 1996; Lazazzera et al., 1996; Busby & Kolb, 1996) . The CRP-FNR family of structurally related regulatory proteins contains at least 38 representatives that control a variety of physiological functions in a diverse range of phylogenetically distinct prokaryotes (Spiro, 1994; Guest et al., 1996) . They exhibit a wide range of sensory, DNA-binding and RNA polymerase interaction specificities. CRP specifically recognizes sequences conforming to a TGTGA-N,-TCACA consensus (Gaston et al., 1989) whereas FNR recognizes sites conforming to a related consensus TTGAT-N,-ATCAA (Spiro & Guest, 1990) . These specificities have been correlated with the presence of distinct RE---R (CRP) and -E--SR (FNR) motifs in the binding faces of the respective DNA-recognition helices .
Structural comparisons indicate that FLP is 26 Y o 1 'd entical (51% similar) to CRP and 22% identical (51% similar) to FNR, and that FLP will retain the N-terminal p roll and C-terminal DNA-binding helix-turn-helix motifs that are characteristic features of the CRP-FNR family. Furthermore, the distribution of amino acid residues in the DNA-recognition helix (-E--SR) suggests that FLP will recognize FNR sites rather than CRP sites because the discriminatory S+T interaction of FNR as well as the conserved E+G interaction of FNR and CRP are potentially conserved in FLP (Irvine & Guest, 1993) . However, it would appear that FLP uses a different sensory mechanism because only two of the four essential cysteine residues that serve as ligands for the [4Fe-4S] cluster in FNR are conserved in FLP (Irvine & Guest, 1993) . Likewise, only one of the six amino acid residues involved in CAMP binding in CRP is conserved.
This study was initiated when the nature of the cysteinebound iron cofactor of FNR was proving difficult to identify and when there was evidence for a disulphide or modified form of FNR being involved in the switching mechanism (Green et al., 1993) . The presence of only two cysteine residues in the FLP of L. casei (a species that probably contains no iron) suggested that FLP might initiate the same transcriptional switch as FNR, but at a later stage in the signal transduction pathway, thus bypassing the need for iron but still requiring a disulphide-dithiol interchange. With hindsight, it seems likely that the modified form of FNR is a disulphide or polysulphide derivative produced by oxidative degradation of the Fe-S clusters. Nevertheless, the molecular characterization of FLP has led to the discovery of a novel redox-dependent regulatory switch in which the formation of intramolecular disulphide bonds enhances DNA binding at FLP-specific target sequences.
METHODS
Bacteria and plasmids. Relevant details of the strains of E. coli and plasmids used are listed in Table 1 . Strain DHSa was the routine transformation host and a derivative (JRG2911) containing pGS705 was used for overproducing glutathione S-transferase(GST)-FLP. A transformant of BL21(DE3), JRG2945, which contains pGS715, was likewise used for overproducing FLP. The source of the fZp gene of L. casei RNL7 was pTLC100, kindly provided by Dr Y. Natori and Professor F. Imamoto (Kyoto, Japan). The 660 bp flp coding region flanked by useful restriction sites was PCR-amplified with the aid of two synthetic primers: FLP1, 5' CGGGATC CATGGCGCATAGTTGTACGG 3', provided upstream BamHI and NcoI sites; and FLP2, 5' CGCGATGATAG TCGACGCCACATCC 3', provided a SalI site downstream of the coding region (mismatched bases are superscript and restriction targets are bold). The PCR product was digested with NcoI and SalI and the resulting 1038 bp fragment was cloned into the corresponding sites of pGEX-KG to produce the GST-FLP expression plasmid, pGS705. The cloned fragment was subsequently subcloned between the NcoI and XhoI sites of pETl6b and the NcoI and SalI sites of ptac-85 to generate two FLP expression plasmids, pGS715 and pGS717, respectively (Table 1 ). An analogous pair of plasmids (pGS1100 and pGS1101) expressing an FLP variant (FLP-CSS) having a Cys + Ser substitution at position 5 were constructed by subcloning the altered 1038 bp fragments generated from the products of PCR amplification of the fZp coding region with the aid of a mutagenic primer, FLP3 (5' CGGGATC CATGGCGCATAGT*GTACGGC 3') and FLP2 (see above) (Table 1) .
Two series of plasmids derived from pRW2A (Lodge et al., 1990 ) and pBR322, which encode a lac2 gene that is expressed from semi-synthetic melR promoters containing a consensus FNR-site (FF), a consensus CRP-site (CC) or a related neutral site (NN, not recognized by either FNR or CRP), were kindly provided by Professor S. J. W. Busby (Table 1 ). The former series was used to monitor transcriptional activation (in vivo) and the latter to construct a third series in pBluescript SK-(pGS649, pGS652 and pGS653; Table 1 ) by subcloning the corresponding 337 bp EcoRI-Hind111 inserts to provide convenient fragments for use in gel-retardation analysis, DNase I footprinting and for amplifying subfragments by virtue of the flanking M13 U and M13 R priming sites (Table 1) . Microbiological and other general methods. All strains were grown in L medium (g 1-l: tryptone, 10; .yeast extract, 5 ; NaCl, 5 ) at 37 "C unless stated otherwise. Media were supplemented with ampicillin (100 pg ml-l), tetracycline (35 pg ml-'), IPTG (1&50 pg ml-l) and X-Gal (40 pg ml-l) when required. Anaerobic growth was in jars flushed three times with a mixture of H, and CO, (95:s) in the presence of a Pt catalyst and, when required, liquid cultures were sampled after transferring to an anaerobic workstation (Don Whitley Scientific Mk3). The Lac+/-phenotypes of transformed strains were tested nutritionally with Lac MacConkey agar (Yo, w/v : peptone, 2; lactose, 1 ; neutral red, 00075 ; NaC1, 0.5 ; agar, 1.5) and L agar containing X-Gal. The ability to grow anaerobically with fumarate as the electron acceptor was tested on plates of minimal medium E (Vogel & Bonner, 1956) supplemented with glycerol (40 mM), fumarate (40 mM), Casamino acids (0-05 "/o), thiamin/HCl (250 pg ml-l), leucine FFpmelR-lac2 operon fusion in low copy, ColEl-compatible, broad-hostAs pRW2A/FF but with CCpmelR-lac2 containing a consensus CRP site As pRW2A/FF but with NNpmelR-lac2 containing a neutral site (NN) that pBR322 derivative containing the hybrid melR promoter with FF site, ApR As pAA121/FF but with the CC site, ApR As pAA121/FF but with the NN site, ApR pBR322 derivative with fnr under the control of its own promoter, ApR pUC218 derivative with crp under the control of its own promoter, ApR pBluescript SK -derivative with CC-containing 337 bp EcoRI-Hind111
As pGS649 but containing the NN site from pAA121/NN, ApR As pGS649 but containing the FF site from pAA121/FF, ApR (30 pg ml-l) and IPTG (50 pg ml-l). A rich but defined medium based on M9 medium (Sambrook et al., 1989) supplemented with glucose (1 %), Casamino acids (0.5 %), trace elements ( 0 2 % , v/v; Vishniac & Santer, 1957) , IPTG (200 pg rnl-'), thiamin and appropriate antibiotics was used to test for FLPmediated aerobic repression with cultures containing reporter (pRW2A/NN) and ptac-fEp (pGS717) plasmids. /3-Galactosidase specific activities were assayed according to Miller (1972) and growth (OD,,,) was estimated with a Unicam SP600 spectrophotometer.
Overproduction and purification of FLP. The overproduction of FLP by induced cultures was monitored by SDS-PAGE and the same method was used to monitor and quantify each stage of purification. The GST-FLP fusion protein was amplified in aerobic cultures (4 x 250 ml) of JRG2911, DHSa(pGS705), grown in L broth plus ampicillin (100 mg 1-l) and harvested 16 h after induction with IPTG (30 mg l-l, added during midexponential phase). The bacteria were resuspended (1 g wet wt ml-l) in PBSP buffer (pH 7.3 :20 mM sodium phosphate, 150mM NaC1, 2 m M EDTA, 0-2mM PMSF, 5 mM benzamidine) and then disrupted by three passages through a French press. The fusion protein in a sample of cell-free extract containing 250 mg protein was adsorbed to GSHagarose by passing through a column (15 x 55 mm) at least twice under gravity. The column was washed sequentially with 4 vols PBSP and 2 vols T C buffer (50 mM Tris/HCl, p H 8.0,150 mM NaC1,l mM CaC1,). The fusion protein was then cleaved by applying 0-9 vols T C buffer containing human thrombin (1 pg ml-l) and incubating at 20 OC for 16 h. Pure thrombin-released FLP (typically 2 mg) was eluted with T C buffer as described by the manufacturer (GST Gene Fusion System; Pharmacia). This protein differs from that of the predicted flp gene product by having 15 additional amino acid residues (GSPGISGGGGGILDS) at the N-terminal end. T o prepare FLP under anaerobic conditions, cultures of JRG2911 were transferred to sealed centrifuge tubes immediately after GST-FLP amplification and incubated for a further 4 h before harvesting. The bacteria were resuspended in anoxic buffer containing /I-mercaptoethanol(50 mM) in an anaerobic workstation, Cell-free extracts were made in the same buffers with minimal exposure to air and the FLP purification procedure was carried out in the anaerobic workstation.
Unmodified FLP was overproduced by aerobic cultures (4 x 250 ml) of JRG2945, BL21(DE3) (pGS715), grown at 25 "C in L broth plus ampicillin (100 mg 1-l) and harvested 4 h after the addition of IPTG (10 mg 1-l) and extra ampicillin (100 mg 1-l) in mid-exponential phase. The bacteria were resuspended (1 g wet wt ml-l) in Tris/HCl buffer (50 mM; pH 8.0) containing 0-2 mM PMSF and 5 mM benzamidine and disrupted using a French press. The clarified cell-free extract (typically 800 mg in 15 ml) was fractionated by gel filtration chromatography using a Sephacryl200 column (26 x 700 mm) equilibrated and eluted with 50 mM Tris/HCl (pH 8.0) containing 100 mM NaCl using a flow rate of 2 ml min-l. An FPLC system (Pharmacia) was used at 20 "C for all types of column chromatography and fractions were cooled to 4 "C immediately after elution. FLP (450 mg protein) emerging in the 180-280ml region of the elution profile was loaded directly on a heparin-agarose ion-exchange chromatography column (16 x 200 mm) equilibrated in 50 mM Tris/HCl (pH 8-0). After eluting unbound proteins with the same buffer, FLP was eluted by applying a linear gradient (200 ml) of 0-1 M (NH,),SO, (flow rate 1 ml min-l). FLP eluted at 0204.25 M (NH,),SO, and the corresponding fractions (containing approx. 60 mg protein) were dialysed versus 100 vols 50 mM Tris/HCl (pH 8.0) using three buffer changes. Aliquots of this material were loaded on a Mono-Q ionexchange chromatography column (5 x 50 mm, protein capacity 6 2 0 mg; Pharmacia). The column was washed with 50 mM Tris/HCl (pH 8.0) and the FLP eluted at 0354.45 M NaCl using a gradient (25 ml, 0-1 M NaCl in the same buffer) and a flow rate of 1 ml min-l. The fractions containing pure FLP (typically 29 mg from three Mono-Q fractionations) were dialysed as above and stored at 4 "C: activity could be prolonged by adding NaCl (02 M) and glycerol (loo/" , v/v).
The variant protein (FLP-C5S) was overproduced in cultures of JRG3779, BL21(DE3) (pGSllOO), using the same procedure except that a higher degree of aeration (provided by baffled flasks) was needed to increase the proportion of amplified protein recovered in the soluble fraction from 5 to 80 '/o. FLP-C5S could not be purified by the procedure devised for FLP, but samples of partially pure protein were obtained by direct heparin-agarose ion-exchange chromatography of crude cellfree extracts. Using the column described above, unbound proteins were eluted with 50 mM Tris/HCl (pH 8.0) and FLP-C5S was collected in four fractions (5 ml) by eluting with (NH,),SO, (0-5 M) : the purest fractions typically contained 2 mg 50% pure FLP-C5S.
Protein analysis. Protein concentration was estimated by the method of Bradford (1976) with bovine serum albumin as standard. The Laemmli method was used for SDS-PAGE (Laemmli, 1970) and proteins were stained with Coomassie brilliant blue. Reducing agents were omitted when analysing the disulphide form of FLP. The native molecular mass of FLP was determined by gel filtration on a calibrated Protein Pak 300SW column (7.8 x 300 mm; Waters Ltd) equilibrated with 50 mM Tris/HCl (pH 8.0) containing 0-2 M KC1. p-Mercaptoethanol (50 mM) was added when reducing conditions were required. The proteins used for calibrating the gel filtration column were: bovine serum albumin (67000 Da), ovalbumin (43 000 Da), carbonic anhydrase (30000 Da), chymotrypsinogen (25000 Da) and cytochrome c (12300 Da). Spectra were recorded with a Unicam UV4 spectrophotometer. Reactive thiol groups were estimated by the method of Thelander (1973) and disulphide contents were assayed colorimetrically according to Thannhauser et al. (1987) . Rabbit anti-FLP sera were used according to Blake et al. (1984) for detecting FLP in cell-free extracts after fractionation by SDS-PAGE and transfer to nitrocellulose with a Bio-Rad Transblot Electrophoretic Transfer Cell (used according to the manufacturer's instructions). The N-terminal amino acid sequences were determined by Edman degradation using an Applied Biosystems protein sequencer. Accurate estimates of the molecular mass of FLP were made by electrospray mass spectroscopy (ESMS). Metals were analysed by inductively coupled plasma mass spectroscopy (ICP-MS) and quantified by emission spectroscopy. For this purpose, purified FLP was dialysed against 100 vols Tris/HCl (pH 8.0) for 14 h. Equal volumes of the dialysate (protein solution) and the diffusate were freeze-dried and resuspended in nitric acid (10 YO, v/v) before injection.
DNA methods. DNA was isolated and manipulated by standard methods (Sambrook et al., 1989) . FLP activity was assayed by gel-retardation analysis (Kerr, 1995) . Fragments from EcoRI and HindIII double digests of pGS649, pGS652 and pGS653, or the isolated 337 bp EcoRI-Hind111 fragment containing the FFpmelR, CCpmelR and NNprnelR regions, were labelled on both strands with [ c~-~~S ]~N T P (46TBq mmol-l) according to Sambrook et al. (1989) . The reaction mixtures (20 pl), pre-incubated for 15 min at 20 "C to allow complex formation, contained 0-10 pM purified FLP (dimer), approx. 0 0 3 pmol labelled DNA, 20 mM Tris/HCl (pH 8-0), 10 mM MgCl,, 0.1 mM EDTA, 5% (v/v) glycerol, 75 mM NaCl and 1 pg poly(d1-dC) -poly(dI-dC). The complexes were analysed autoradiographically after electrophoretic fractionation at 20 mA constant current in 5% polyacrylamide gels buffered with 20 mM Tris/HCl plus 190 mM glycine (pH 8.3). Restriction digests of the isolated 337 bp EcoRI-Hind111 fragments obtained by single and double digestion with BamHI, BclI and BstXI, were labelled and used in retardation assays as above, except that they were fractionated in 8 % polyacrylamide gel. Additional subfragments used in gelretardation analysis were generated by PCR amplification from pGS653 template DNA with the following primers : M13 U (universal) ; M13 R (reverse) ; R 1 , S CCACTGGCATGGT CAATCAGGGTC 3'; R4,5' CACGCTGTTCTGGG 3'; R5, GTG 3'; and F2, 5' CAGACAACGGG 3'. These fragments were end-labelled with [y-32P]ATP (111 TBq mmol-l). Independent FLP-binding sites were selected according to Blackwell (1995) starting with a single-stranded synthetic oligonucleotide template in which 1.8 x 10l6 random sequences are flanked by BamHI and EcoRI sites: RmT, 5'
TTCGCAT 3'. Double-stranded DNA was made initially from RmT by extending a reverse primer (RmR, 5' ATG-CGAATTCGGGGTGCCT 3') and after selection, by PCR amplification with both forward (RmF, 5' ATATGGA-TCCGCAACGCAA 3') and reverse (RmR) primers. The double-stranded library was retarded by FLP in 8% polyacrylamide gel, the retarded DNA being excised and electroeluted after autoradiography and the DNA re-amplified by PCR with RmF and RmR for re-selection. After multiple rounds of selection, the 51 bp EcoRI-BamHI segments of the 3'; R2,5' AGCCATCCATGAATACA 3'; R3,5' GAATAT- conditions, respectively. However, both values decreased to zero in older samples and in samples of FLP prepared by the three-column procedure. This suggested that the two cysteine residues (C-5 and C-102) in the predicted FLP amino acid sequence are modified, possibly by the formation of inter-or intramolecular disulphide bonds. Non-reducing PAGE further indicated that one intramolecular disulphide bond is formed per FLP subunit during purification (Fig. 2 ) . The purified protein migrated faster than the crude amplified protein, presumably because the crude extract provides a reducing environment. Moreover, formation of the oxi-dized (disulphide) species was prevented by the addition of 50 mM 8-mercaptoethanol during purification. The reduced (low mobility) form could also be regenerated from the oxidized form by adding 50 mM p-mercaptoethanol or other appropriate reducing agents (Fig. 2 The presence of the disulphide bond was not essential for dimer formation because the reduced and oxidized forms of FLP each behaved as dimers in gel filtration.
The UV-visible absorption spectrum of FLP showed a single peak at 280 nm, suggesting that there is no absorbing prosthetic group. No association with iron was detected nor was it possible to incorporate Fe-S clusters by the NifS-dependent reconstitution procedure used to reactivate apo-FNR (Green et al., 1996) . However, samples of purified FLP contained significant amounts of both Cu (0. 
Redox-dependent DNA binding by FLP
The interaction between FLP and DNA was investigated by gel-retardation analysis using labelled DNA fragments containing three semi-synthetic promoters, FFpmelR, CCpmelR and NNpmelR, derived from the corresponding plasmids (Table 1) . Each has a 22 bp palindrome centred 41.5 bp upstream of the melR transcription start site. The sequences are based on the binding-site consensus of CRP (CC), FNR (FF) and a neutral site (NN), and they differ at only one position in each half site, CCAT (G/T/C)TGATGT, respectively (Spiro et al., 1990) . Initially, no retardation could be detected with purified FLP, even when the protein was isolated under strictly anaerobic conditions and after attempts to incorporate Fe-S clusters by the methods used with FNR (Green et al., 1996) . However, when 5 mM DTT was omitted from the retardation mixtures, it was found that aerobically purified FLP retarded the 337 bp EcoRI-Hind111 fragment containing the FF sequence but not the vector fragment (Fig. 3) . The retardation profile suggests that FLP may bind first to one specific site and then to a second site with a somewhat lower affinity. This could be followed by further retardation due to some less specific binding (also seen with vector DNA) or to protein aggregation at higher protein concentrations. This interpretation is supported by the restriction analysis reported below, but the presence of a weak but inseparable third site cannot be excluded. The DNA-binding affinities (K,) of the two proposed sites were relatively low, 1. subunits. Indeed, the ability to bind DNA was correlated with the concentration of the disulphide form of FLP by titrating samples of FLP with D T T and then comparing gel-retardation activity with the relative amounts of disulphide and dithiol forms of FLP estimated by nonreducing SDS-PAGE (Fig. 4) . The loss of DNA-binding activity occurred in two stages, consistent with the presence of two sites having different affinities for FLP. The concentrations of oxidized FLP dimer associated with each step, 4.5 pM for binding at the weaker site and somewhere between 0.5 and 2.6 pM at the stronger site, were in reasonable agreement with the respective K , values deduced above: 2.5 and 1.5 pM, respectively. Clearly, the observed changes in DNA-binding ability could form the basis of a redox-dependent transcriptional switch. Furthermore, such a switch may be differentially ' tuned ' at specific sites according to the binding affinities. The rate of intramolecular disulphide bond formation was enhanced by the addition of Cu ions to the reduced protein but the binding affinity was not enhanced by Cu or other metal ions, singly or in various combinations. An approximate midpoint redox potential was calculated for FLP from the titration with DTT (Fig. 4) . This showed that equimolar amounts of oxidized and reduced FLP are present in 1 mM DTT T o define the nucleotide sequence recognized by oxidized FLP, the FFpmelR fragment was digested with restriction enzymes, singly and in pairs, and the products were analysed by gel retardation (Fig. 5a ). This showed that FLP binds to two distinct subfragments, 168 bp BamHI-BstXI and 66 bp BclI-HindIII, the affinity for the former being slightly higher than for the latter.
Neither fragment contains the FF motif. Indeed, none of the 39 bp EcoRI-BamHI subfragments containing the FF, CC or NN motifs was retarded by FLP. No other FLP-binding sites were detected using different combinations of enzymes to generate further subfragments but the existence of an inseparable third site could not be excluded. Attempts to define the precise locations of the FLP-binding sites were made by amplifying additional subfragments using PCR with specific primers as indicated in Fig. 5(b) . The binding sites were thus traced to two -30 bp melR sequences (I and 11) that are common to all of the retarded segments (Fig. 5c) . Unfortunately, these sequences were not sufficiently similar to identify a conserved FLP-binding site motif (Fig. 5c) . The DNAbinding affinities of the two classes of subfragments containing sequence I or I1 were indistinguishable, despite the evidence for preferential binding at one of the sites (Figs 3 and 4) .
The FLP-binding site consensus was next sought by selection from randomly generated sequences. After six rounds of sequential selection by gel retardation, DNA extraction and PCR re-amplification (see Methods) , the FLP-retarded fragments were sampled by cloning in pUC119. Individual clones were further screened for the presence of fragments retarded by FLP and then sequenced. A total of 60 individual clones yielded 10 containing FLP-retarded fragments of which 8 had unique sequences. These sequences, together with the FLP-retarded meZR segments (I and 11) and all of their complementary sequences, were examined for common (a) motifs. The best alignment that could be made was based on three fully conserved positions flanked by less conserved regions (Fig. 6a) . From this alignment, a synthetic sequence containing a test site (A) designed to include the best-conserved bases in two palindromic half-sites, CCTGA-N,-TCAGG, was retarded by FLP (Fig. 6b) . The affinity of FLP for test sequence A was no greater than for any of the natural (I and 11) or selected sequences. Indeed, none of the sequences exhibited a significantly higher affinity for FLP when tested on their own. A potential FLP-binding site consensus was derived by aligning all of the sequences retarded by FLP, as shown in Fig. 6(a) . Only three positions in the partially palindromic motif CA/cTGA-N,-TCAG/,G are significant according to the x2 test (equivalent to 8 identities in Three of these contained the FF, CC and NN motifs, where each half-site can be aligned with the consensus ( Fig. 6a ; only one half-site alignment shown). The fourth contains a synthetic test site ( B ) derived from an inferior alignment of the retarded sequences, which could also be aligned in two ways ( Fig. 6a ; both shown). In every case there is good conservation at several positions but the critical C is never conserved. It is also interesting that site I of the two natural FLP sites in the pmelR fragment matches the consensus at 8/10 positions whereas site I1 is matched at only 6/10 positions. This is consistent with the evidence for two sites of differing affinity for FLP obtained with the intact pmelR fragment (Figs 3 and 4) even though preferential binding was not detected with fragments containing individual sites. Repeated attempts to define the binding sites by DNase I footprinting have failed. The conditions were similar to those used successfully with FNR and CRP but they appear not to afford sufficient protection with FLP.
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Transcriptional regulation by FLP (in viwo)
The NNpmelR-lac2 operon fusion plasmid (pRW2A/ NN) provides a very convenient semi-synthetic promoter which is not regulated by FNR or CRP but contains two FLP-binding sites (I and 11). The stronger site (I) is adjacent to the -10 region of the melR promoter and overlapping the melR transcriptional start site, whereas the weaker site (11) 
Studies with FLP-C5S
Since there are only two cysteine residues (C-5 and C-102) in one FLP subunit, replacing one should completely eliminate intrasubunit disulphide bond formation and hence prevent oxidative DNA binding and aerobic repression of NNpmelR promoter activity. A cysteine-substituted variant, FLP-CSS, containing a serine residue at position 5 was generated using a mutagenic 5' primer for PCR amplification and subsequent subcloning of the altered flp coding region in pET16b (pGS1100) and ptac-85 (pGS1101) expression vectors (see Methods). The variant protein behaved differently from wild-type FLP in purification but it was purified to 50% homogeneity in a single chromatographic step. The N-terminal amino acid sequence (AHSSTAVV) confirmed that C5 had been replaced. Purified and unpurified FLP-C5S had the same electrophoretic mobility as the reduced form of FLP in SDS-PAGE but FLP-C5S retained the same mobility under non-reducing conditions, showing that it lacks the highmobility disulphide form. In gel-retardation studies, the variant protein failed to exhibit specific binding to FLP sites, under conditions and at concentrations (up to 5 pM) that comparable preparations of wild-type FLP would bind. Likewise, the presence of pGSllOl (ptac-flpC5S) caused no significant repression of 8-galactosidase synthesis during aerobic or anaerobic growth of strains containing the NNpmelR-lac2 reporter plasmid (Table 2) . Overproduction of FLP-CSS in the corresponding cultures was confirmed by Western blotting with anti-FLP serum. These observations are consistent with the view that the formation of intrasubunit disulphide bonds in the FLP dimer is essential for adopting an active DNA-binding conformation.
DISCUSSION
Although it was predicted that FLP might be functionally as well as structurally analogous to FNR, it is now apparent that FLP recognizes different target sites and that its regulatory activity is mediated in response to aerobic/oxidative stress by a novel intrasubunit The disulphide form of FLP binds specifically to sequences having core motifs that conform to a -CA/cTGA-N,-TCAG/TG consensus. This consensus was derived from a limited number of both natural and selected sequences (the underlined bases being the most significant). Nevertheless, its validity was confirmed with a synthetic site : CCTGA-N,-TCAGG. The bases at some positions were chosen simply to confer a greater degree of partial dyad symmetry, so it may still be possible to generate a better site by altering bases at some of the less-defined positions. The FLP consensus is related to those of CRP and FNR because they all contain symmetrical TGA half-site motifs but the halfsite motifs are 2 bp closer in the FLP site.
FNR TTGATNNNNATCAA CRP TGTGANNNNNNTCACA FLP CMTGANNNNTCAKG
Presumably the two recognition helices in the FLP dimer are more closely configured to interact with half-sites that are positioned less deeply in the adjacent major grooves of the DNA duplex. This may be accommodated by small adjustments in the overall structure of the FLP dimer compared to that of CRP (and predicted for FNR). Alternatively, changes in the relative position of the recognition helix (a,) may be facilitated by the presence of proline instead of valine or arginine as the first residue in this helix in the a,-turn-a, structural motif of FLP, PE--SR (FLP) relative to VE--SR (FNR) and RE-GR (CRP).
The reversible formation of the active DNA-binding (disulphide) form of FLP provides a simple and plausible mechanism for the FLP-regulated transcriptional switch (Fig. 7) . It implies that in L. casei, FLP mediates a response to aerobiosis or oxidative stress which leads to the repression or activation of relevant genes. Such a switch was reproduced in E. coli by showing that the expression of a pmelR-lac2 fusion is more repressed aerobically than anaerobically. This demonstration was facilitated by the serendipitous location of the stronger FLP-binding site (I) at an ideal position for an operator (Fig. 5c) . The very same region matches the MelRbinding site (Webster et al., 1987) at 11/18 positions, suggesting that this site may serve as an operator for negative autoregulation of the melR gene (Fig. 5c) . The possibility that MelR itself could be responsible for the aerobic repression can be excluded because the segment of melR expressed from the pmelR-lac2 plasmid does not encode the DNA-binding domain of MelR (Bougerie et al., 1997) . The very significant aerobic and weak anaerobic repressions mediated by FLP after amplification in E . coli mean that there is sufficient of the active disulphide form in the cytoplasm of both aerobic and anaerobic organisms. The midpoint redox potential deduced for FLP (-400 mV) relative to that of the E. coli cytoplasm ( < -250 mV; Unden et al., 1994) is consistent with this possibility. The putative FLP operator is located at the same position in the FFpmelR-lac2 and CCpmelR-lac2 reporters but no interference by FLP was detected. This is presumably because in the presence of the activator (FNR or CRP), any repression by FLP is likely to be insignificant.
The relatively low DNA-binding affinity observed for FLP suggests that other factors might be involved in transcriptional activation in L. casei as well as DNA recognition. For example, it is conceivable that FLP operates with a specific redox cofactor or a specific oxido-reductase system, or that for some other reason the cytoplasmic environment provided by L. casei enhances its site-specific DNA-binding ability. Indeed, the redox state of the host cytoplasm, how it is regulated and how it responds to the presence of metal cations will be of prime importance for elucidating the mode of action of FLP under physiological conditions. Even though L. casei is a fairly strict but aerotolerant anaerobe, the redox potential of the cytoplasm is presumably poised such that dithiol FLP can readily switch to the disulphide form, particularly in response to oxidative stress imposed by oxygen, superoxide and hydrogen peroxide. Most lactic acid bacteria tolerate and metabolize oxygen and they have inducible oxidative stress responses to deal with the resulting superoxide anion (027 and H 2 0 2 (Condon, 1987; Sanders et al., 1995; Rallu et al., 1996) . They use a superoxide dismutase (MnSod) and high internal Mn2+ concentrations to deal with oxygen radicals and although they lack catalase, they can decompose H202 with NADH peroxidase. Interestingly, the sodA gene of L. lactis is induced twofold during aeration and there are two potential FLP sites upstream of the sodA promoter : -CTGACaggtxACA in the region essential for the aerobic induction and CTACTttatxAGC.
No autoregulatory FLP site could be detected upstream of the flp coding region. However, it seems likely that the flp gene is the distal gene of a multi-cistronic operon.
Indeed, there is a remote similarity between an incomplete ORF upstream of flp and the respective dps and mrgA genes of E . coli and Bacillus subtilis (Almir6n et al., 1992; Chen & Helmann, 1995) . The Dps and MrgA proteins belong to a family of general stress proteins that form highly stable multimeric protein-DNA complexes which accumulate in stationary phase and protect against oxidative killing. MrgA is induced under metal-limiting conditions and by H,02, consistent with the close relationship between metal ions and oxidative stress responses. It is also particularly relevant to note that the genes encoding two flp analogues (flpA The reversible dithioldisulphide switch proposed for FLP in L. casei represents an entirely novel redoxregulatory switch. It becomes one of a growing number of regulatory systems that use different sensory systems in response to oxidative stress. For example, in E . coli there is OxyR which senses peroxide-induced stress via the oxidation of a single cysteine thiol group to a sulphenic acid species (Kullik et al., 1995) and SoxR which uses a [2Fe-2S] cluster as sensor (Hildago et al., 1997) . This is in addition to FNR which has sensory [4Fe-4S] clusters and ArcB where the sensory system has still to be defined (Lynch & Lin, 1996a, b; Unden et al., 1994) . Other functionally related regulators include the oxygen-responsive sensory component (FixL) of the FixL J two-component regulatory system for nitrogen fixation in Sinorbizobiurn (Rbizobium) meliloti and Bradyrhizobium japonicum, which are haemoproteins (Gilles-Gonzalez et al., 1994; Monson et al., 1995) and the redox-responsive NifL modulator of NifA-activated nitrogen fixation in Axotobacter vinelandii which uses FAD as the sensor (Hill et al., 1996) . The FLP system also serves to illustrate the great versatility of the archetypal CRP structure for transducing environmental and metabolic signals to the transcriptional apparatus. It clearly allows a great diversity of specificities at the sensory, DNA binding and RNA polymerase interaction levels which are seemingly 'mixed and matched' in different regulators. Current work with the flp-FLP gene-protein systems of L. casei and Lactococcus lactis is aimed at identifying target genes and operons, identifying natural FLP-binding sites, reproducing the proposed transcriptional switch in vitro, resolving the structure of FLP by X-ray crystallography, investigating details of the sensory stimuli and the corresponding responses in vivo, and assessing the importance of the regulatory systems in vivo, including studies on the consequences of flp gene inactivation.
